Abstract-In this paper, we present the influence of eddy currents, skin and proximity effects on high-frequency losses in planar terahertz Schottky diodes. The high-frequency losses, particularly losses due to the spreading resistance, are analyzed as a function of the ohmic-contact mesa geometry for frequencies up to 600 GHz. A combination of 3-D electromagnetic (EM) simulations and parameter extraction based on lumped equivalent circuit is used for the analysis. The extracted low-frequency spreading resistance shows a good agreement with the results from electrostatic simulations and experimental data. By taking into consideration the EM field couplings, the analysis shows that the optimum ohmic-contact mesa thickness is approximately one-skin depth at the operating frequency. It is also shown that, for a typical diode, the onset of eddy current loss starts at ∼200 GHz, and the onset of a mixture of skin and proximity effects occurs around ∼400 GHz.
Impact of Eddy Currents and Crowding Effects onI. INTRODUCTION
T HE INCREASING interest in terahertz (THz) applications [1] has generated a technological pressure on searching for reliable, compact, room-temperature operational, and feasible for circuit integration type of THz devices [2] . To date, GaAs-based planar Schottky diodes have been successfully demonstrated as one of the competitive and promising types of THz devices [3] - [7] operating as mixers and frequency multipliers.
In view of this, there is a continuous demand for optimizing the Schottky diode circuit performance. For operation up to THz frequencies, the diode-geometry-dependent parasitic couplings and series resistance R s of the diodes have been identified as the limiting factors for the diode circuit performance. Similar limiting factors apply to other high-frequency devices, such as high-electron mobility transistors, heterojunction bipolar transistors, and heterostructure barrier varactors [8] , [9] . For diodes operating in the THz frequency region, experimental works have indicated that the series resistance dramatically increased as a function of frequency, and an empirical factor has to be included to the diode model in order to fit the experimental results [10] . This strong frequency dependence of the series resistance is not explainable using conventional diode series resistance models [11] - [16] , which do not take into consideration the electromagnetic (EM) field interactions within the diode and the diode surrounding environment. Thus, it is crucial to understand the geometry-dependent EM field interactions in order to optimize the diode performance and push the diode operating frequency limits.
In this paper, we present a systematic method to analyze the high-frequency losses, including the interactions of the EM field within and surrounding the surface-channel planar-type [7] diode (see Fig. 1 ). In particular, the magnetic field couplings induced by the time-varying current in the air-bridge finger is investigated, leading to the findings which links the highfrequency losses to the eddy current, and a mixture of skin and proximity effects. The objective of this paper is to optimize the geometry of ohmic-contact mesas for diode mixers operating in the submillimeter-wave region [17] , i.e., to minimize the geometry-dependent parasitic couplings and buffer-layer spreading resistance R spreading . In this paper, we limit the loss analysis to the ohmic-contact mesa region, hereinafter referred to as the effective spreading resistance, which contributes toward approximately half of total diode series resistance at DC for a typical diode. Due to the inherent difficulty of accurately measuring diode series resistance at high frequencies, based Fig. 2 . Various components of the series resistance and parasitic elements for a surface-channel planar Schottky diode. R epi denotes the resistance in the top epi-layer (i.e., junction layer) when the diode is forward biased. NB! The drawing is not to scale.
on, e.g., Q-value [18] or S-parameters [19] , and the complexity of the planar diode geometry, this type of investigation can be more efficiently pursued with numerical simulation techniques.
The approach used in this paper is a combination of 3-D fullwave EM simulation and lumped equivalent circuit parameter extraction. The 3-D EM fields inside the lossy material (i.e., the ohmic-contact mesa) and the EM fields surrounding the diodes are solved using the finite-element method. An Appendix is also included to elaborate on the electrostatic analysis, which is also referred as the EM analysis at DC (EMDC), performed using COMSOL multiphysics version 3.5 [20] to obtain the series resistance at DC. The simulated DC series resistances are then verified by comparing with the experimental results reported in [12] .
II. GEOMETRY OPTIMIZATION METHODOLOGY
This section describes the diode geometry parameters studied in this paper. The diode structures are constructed and simulated using Ansoft High Frequency Structure Simulator (HFSS) [21] . Following this, the lumped equivalent circuit model parameters are extracted using the Agilent Design System (ADS) [22] simulator. Diode spreading impedance Z spreading is extracted as a complex quantity, but analyses are only performed on the real part of the spreading impedance. This is because our focus in this paper is to minimize the power loss and thermal noise, i.e., minimizing the series resistance.
A. Device Structure and Geometry
The surface-channel planar diode model is built referring to the material structure of the GaAs monolithic membrane-diode technology developed by Jet Propulsion Laboratory [17] , [23] , [24] . Fig. 2 shows a schematic of the surface-channel planar Schottky diode including its corresponding series resistance components, as well as the corresponding parasitic elements (capacitances and inductance).
In general, the series resistance for a surface-channel planar Schottky diode is composed of air-bridge finger resistance R finger , buffer-layer spreading resistance R spreading , top junction epi-layer resistance R epi , and ohmic-contact resistance R contact , as stated in (1). In this paper, an ideal ohmic-contact is assumed. Only the spreading resistance of the cathode ohmiccontact mesa is investigated, and other series resistance components are ignored (i.e., treated as perfect electric conductors). For the parasitic elements, the geometry-dependent electrical couplings are modeled as parasitic capacitors (C pp1 , C pp2 , C fp , and C fb ), whereas the magnetic coupling within the airbridge finger is modeled as parasitic inductor L f . Parasitic capacitances C pp1 and C pp2 model the electrical coupling between the isolated anode contact mesa and cathode ohmiccontact mesa through the air and through the semi-insulating membrane substrate, respectively. The sum of C pp1 and C pp2 is also known as pad-to-pad capacitance C pp . On the other hand, the fringing field between the air-bridge finger and the buffer mesa is represented as finger-to-buffer capacitance C fb , whereas the fringing field between the air-bridge finger and the epi-layer is modeled as finger-to-pad capacitance C fp .
For the simulation, a simplified version of the diode structure, as shown in Fig. 3 , is constructed. In this simplified structure, the top junction epi-layer of the diode is removed since this is the region where the nonlinear electrical properties (also known as intrinsic properties) of the diode take place. This is in line with our objective to study the extrinsic properties of the diode, i.e., geometry-dependent parasitic couplings, as well as the high-frequency spreading resistance in the cathode ohmic-contact mesa. Furthermore, the top and bottom etch stop layers are excluded since both layers are mainly used in the device fabrications but having negligible influences on the diode performance.
In all of the simulations, the radius of the Schottky contact is 0.5 μm (corresponding to an area of 0.8 μm 2 ), and the spacing between the anode and cathode ohmic mesas is 15 μm. Both slanted and straight mesa side walls are simulated in order to compare the diode behavior for different surface-channel formation methods, e.g., resulting from wet or dry etching, respectively, during fabrication. For the wet etching case, the diode mesa geometry is constructed with a 55
• angle between the membrane substrate and the slanted side wall [25] . For each shape of the mesa side walls, simulations are performed on various buffer-layer thicknesses b z , i.e., 0.5, 1, 2, 4, and 6 μm. In this paper, only the losses in the cathode ohmic-contact mesa are studied; thus, the anode contact mesa is treated as a lossless conductor.
B. Three-Dimensional Electromagnetic Simulation
In order to study the diode geometry-dependent highfrequency performance, 3-D EM simulations are performed for the frequency band of interest. The objective of this paper is to optimize the diode geometry for operation up to 600 GHz (0.5 mm), yielding a simulated frequency range of a total of 2 octaves, from 150 to 600 GHz. Since this frequency range is below the material plasma frequency (∼20 THz) [14] , [16] , DC constant bulk conductivity σ is used. The displacement current is neglected since its effect is not significant, compared with the conduction current in this highly doped buffer layer [11] . Moreover, charge carrier inertia [26] effects are not taken into account. The material properties for the lossy ohmic-contact mesa simulations are listed in Table I .
The 3-D full wave equation, as in (2), is solved in the HFSS, with the setup shown in Fig. 4 . In order to reduce the computation time, the diode geometry is cut through its twofold symmetry plane, and a magnetic wall is inserted at the symmetry plane. Thus, only half of the diode structure is simulated.
In this setup, the simulation is performed by suspending the diode in an air channel, with both ends of the diode extended toward the two wave ports. The EM waves are alternately excited from both anode and cathode wave ports, creating quasicoaxial-like excitation modes. The air channel is designed in a way that only the quasi-coaxial mode is allowed to propagate, at least up to a frequency of 600 GHz. In order to prevent the onset of unwanted higher frequency modes, the air channel is designed with a width of 210 μm (∼0.5 λ 0 at f ≥ 600 GHz) and a height of 200 μm.
At the lower end of the simulated frequency band, it is important to ensure that the evanescent modes decay and vanish before reaching the inner reference planes. Thus, the de-embedded lengths (from wave-ports to the inner reference planes) have to be long enough. In this simulation, we have set the de-embedding length to 250 μm (> 0.125 λ g at f = 150 GHz). All the simulation results are then de-embedded from the wave ports toward the inner reference planes in order to obtain the high-frequency response (S-parameters) close to the diode [28] . The S-parameter convergence are justified by monitoring maximum delta S-parameter ΔS for the two consecutive simulation passes. For all the simulations, maximum ΔS is limited to 0.005, and a minimum of three consecutive converged passes is required. Moreover, additional initial meshes are seeded in the area close to the diode surface channel, both in the air and in the membrane substrate. For the lossy case, the typical mesh size can reach 10 5 tetrahedra upon meeting the convergence criteria.
In this paper, three cases are simulated for each diode geometry variation. In the first two cases, the diode is simulated without taking into account any conductive losses. All the conductors, i.e., air-bridge finger, ohmic-contact mesas, and ohmic pads, are treated as perfect electric conductors. These two cases are the open-circuited and short-circuited diode structures, as shown in Fig. 5 . For the third case, a short-circuited diode structure similar to Fig. 5(b) is simulated. However, in this case, the simulation includes the conductive loss for the cathode ohmic-contact mesa, and the Maxwell equations are solved inside the mesa. In these simulations, the physical perception of the field distribution in the lossy mesa could be visualized and understood. The scattering responses (S-parameters) from the simulations for various diode geometry are used to estimate the geometry-dependent parasitic elements and effective spreading resistances, as elaborated in Section II-C. 
C. Lumped Equivalent Circuit Model
In order to study the spreading resistance in the buffer layer, we have extended the conventional lumped equivalent circuit [29] , [30] to model losses due to EM couplings. For simplicity, the high-frequency losses due to magnetic couplings between the air-bridge finger and the ohmic-contact mesa are represented as effective spreading impedance Z spreading , as shown in Fig. 6 , instead of model with mutual inductance and resistance elements.
A combination of direct extraction and least square error fitting is used for the parameter extractions. For the least square error fitting procedure, high degrees of freedom in the fitting process, without proper boundary conditions, would lead to inconsistent results converging toward improper local minimums. Thus, a simplified lumped equivalent circuit, as shown in Fig. 7 , is used. For the lossless cases, the pad inductors are simplified, as stated in (3) and (4), and the finger-to-pad (C fp ) and finger-to-buffer (C fb ) capacitors are expressed as (5) . This simplification reduces the number of unknowns from 10 to 7 for the lossless cases. In the case of the lossy ohmic-contact mesa, effective spreading impedance Z spreading is extracted using the lumped equivalent circuit, as shown in Fig. 7 (c). As in (6) , this spreading impedance consists of a real part, which is related to the power dissipation, and an imaginary part, which is related to the energy storage. In this paper, the ohmic-contact mesa geometry optimization is performed by analyzing only the real part of impedance R spreading . An example of a plot of the real and imaginary parts of the effective spreading impedance is shown in Fig. 8 .
D. Parameter Extraction Procedure
For parameter extractions, the parasitic capacitors and inductors are extracted using the lumped equivalent circuit for the two lossless cases, respectively [shown in Fig. 7(a) and (b) ]. These parasitic capacitors and inductors are then used in the lumped equivalent circuit for the lossy ohmic-contact mesa case [see Fig. 7(c) ] to estimate the frequency-dependent spreading resistance. An overview of the parameter extraction procedure is shown in Fig. 9 .
Using the " " network configuration at the lower simulated frequency range, total parasitic capacitances C tot are estimated using (7) in the open-circuited case, whereas total parasitic inductances L tot are estimated using (8) in the short-circuited case. The anode and cathode pad capacitances are estimated using (9) and (10) from the short-circuited case. These values are extracted at low frequencies in order to reduce the effect of parasitic inductance on the extraction of parasitic capacitance for the open-circuited diode case and vice versa for the shortcircuited diode case. In order to guide the least square error fitting, the total parasitic capacitances and total inductances estimated from (7) and (8) are used as the initial guess for pad-to-pad capacitance C pp and finger inductance L f , respectively. The initial guesses for finger capacitance C f is 1 fF and for pad inductances L a and L c are 1 pH. In the least square error fitting procedure, the error functions are expressed as
where S ij is the S-parameters from HFSS simulations, S ij is the S-parameters from lumped equivalent circuit simulations, and ij = 11, 12, 21, and 22.
For the lossless cases, the fitting procedure is performed across the frequency range of 150 to 600 GHz. The parasitic capacitors and inductors are estimated through a sequence of fine-tuning using open-circuited and short-circuited cases, as shown in Fig. 9 . The convergence criterion is defined as a less than 10% difference between the extracted L f , C pp , and C f of current iteration with previous iteration, respectively.
In order to extract the effective spreading resistance, the parasitic elements extracted from the lossless cases are used. The least square error fitting procedure is then performed in which the effective spreading impedance is fine-tuned for a partition of 10-GHz bands within the frequency range of 150-600 GHz. In general, all the errors calculated using (11) are less than 8%.
In addition to errors introduced from the S-parameter fitting procedure, other potential error sources affecting the spreading resistances result are the accuracy of other parasitic elements extracted from the lossless cases. Thus, a simple error analysis is performed for the case of slanted mesa wall diodes with a 6-μm-thick buffer layer. In this analysis, the sensitivity of the extracted spreading resistance, upon a 10% error in each parasitic element (i.e., L f , L a , L c , C f , C pp , C a , and C c ), is evaluated by assuming a zero error correlation between these parasitic elements. The analysis shows that the spreading resistances in this model are most sensitive to the deviation of C a . The S-parameter fitting errors for this error analysis, calculated using (11), are less than 10%. By assuming a symmetrical behavior of the error, the extracted spreading resistance is deduced to be within an error margin of +/−6%.
III. RESULT

A. EM Field Distribution and Eddy Currents
By examining the EM fields of the diodes, as shown in Figs. 10 and 12 , the strong frequency-dependent losses are attributed to eddy current effects. The generation of eddy currents in the ohmic-contact mesa could be explained by the Faraday's law, where the electric field in the mesa is developed due to the time-varying magnetic field induced by the current through the air-bridge finger. Fig. 10 shows the low-frequency (i.e., 150 GHz) normalized magnetic fields and the corresponding current density vectors for thin and thick ohmic-contact mesas. Comparatively, the plots indicate a more uniform magnetic field penetration in the area under the air-bridge finger for the thin ohmic-contact mesa than the thick ohmic-contact mesa, showing the importance of current crowding phenomena.
In conventional diode resistance models, the skin effect is the only frequency-dependent loss mechanism considered. The frequency-dependent skin depth (δ s ) is calculated using (12) . For the diode geometry analyzed, the skin depth is approximately 1.8 μm at 600 GHz, indicating that the 0.5-, 1-, and 2-μm buffer-layer thicknesses are less than or approximately one skin depth. Nevertheless, the frequency-dependent losses Fig. 11 . Normalized current distribution within the air-bridge finger and the ohmic-contact mesa showing a mixture of skin and proximity effects at 550 GHz. Fig. 12 . Normalized EM field distributions due to a mixture of skin effect and proximity effect for a 6-µm-thick buffer layer at 550 GHz (a) distribution of the magnetic field and current density vector of the diode and (b) magnetic field vectors at the A−A cross section of the diode.
are consistently observed for these buffer layers. Thus, it is obvious that the skin effect is not a dominating loss mechanism in this case.
As the frequency increases, the loss mechanisms become more complicated, with a mixture of skin and proximity effects. In order to confirm the existence of both current crowding effects, an additional simulation is performed to solve the EM fields inside the air-bridge finger and the ohmic-contact mesa for the case of a 6-μm-thick slanted mesa walls buffer layer. The rectangular cross section of the air-bridge finger is inherently a simpler way to visualize these effects. The current distributions in the air-bridge finger and the mesa are shown in Fig. 11 . For the air-bridge finger, which is located in the air channel, the skin effect causes a symmetrical current crowding at the outer air-bridge finger. On the other hand, for the air-bridge finger, which is located close to the ohmic-contact mesa, the proximity effect causes an asymmetrical current crowding phenomenon. In this case, more current is pushed toward the outer finger facing the mesa, compared with the outer finger facing away from the mesa. As a result of both effects, the total current distribution within the air-bridge finger, in close proximity to the ohmic-contact mesa, becomes asymmetrical. Fig. 12 shows the normalized magnetic field and current density vector of a thick ohmic-contact mesa at the frequency of 550 GHz for a slanted mesa wall case. Comparing to Fig. 10 , it is clear that the circulation of current within the mesa under the air-bridge finger, due to Faraday's law, is more pronounced at a higher frequency. Thus, the loss mechanisms involved for the geometry of planar Schottky diodes become more complex as the frequency is increased. The similar loss mechanism occurs for the straight mesa wall buffer layer. 
B. Reactive Parasitic Elements
For quantitative studies, the EM field couplings are modeled as parasitic capacitances and inductances, as discussed in Section II-A. For the Schottky diode design, it is essential that the geometry-dependent parasitic capacitances are minimized, particularly the parasitic capacitance across the Schottky diode port (refer to Fig. 6 ). Larger parasitic finger capacitance C f presents a lower impedance (reactance) current path, shorting the nonlinear diode junction. Fig. 13 shows the result of the extracted parasitic capacitances. For completeness of the model, extracted finger inductance L f is also plotted in the same figure.
By extrapolating the extracted C f values toward zero buffer thickness, finger-to-pad capacitances C fp for diodes with slanted and straight mesa walls are estimated to be approximately 1.3 fF. For diodes with straight mesa wall, the coupling between the air-bridge finger to buffer C fb and the coupling between anode and cathode mesa C pp is not significant. Thus, the increase in total parasitic capacitance for the diodes with slanted mesa walls as a function of buffer-layer thickness are mainly due to the increase in C fb and C pp . The extracted C f values are close to the measured value in [31] for diodes with similar geometry, confirming the validity of the extraction method. The result also indicates that the effect of displacement current on the current distribution in the ohmic-contact mesa is not significant due to the inherently high reactance (e.g., ∼130 Ω for a 2-fF parasitic capacitance at 600 GHz).
C. Formulation of the Effective Spreading Resistance
In this paper, the extracted resistance is treated as effective spreading resistance R spreading contributed by various power loss mechanisms P n , such as eddy currents and current crowding due to skin and proximity effects. Simplified total power loss P loss in the ohmic-contact mesa is written as
where n = number of high frequency loss mechanisms. By analyzing the slope of the extracted spreading resistances as a function of frequency in the logarithmic scale, the spreading resistances show f 2 and f 4 frequency dependence within the simulated frequency band (i.e., 150-600 GHz). The effective spreading resistance is formulated as
In this equation, the f 2 dependence in the effective spreading resistances is related to the eddy current loss [32] . For losses due to a mixture of skin effect and proximity effect, the frequency dependence of spreading resistance is mathematically complicated. For a simple case of two parallel conductors, the analytical solution of the total current involves cosh and sinh functions [33] . Thus, the f 4 dependence in the effective spreading resistances is interpreted as the representation of additional current crowding losses.
A weighted curve-fitting is performed to acquire the coefficients for further quantitative analysis. The weight factors are assigned to be 20, 10, 5, and 1 for the frequency range of 150-200 GHz, 210-250 GHz, 260-300 GHz, and 310-600 GHz, respectively. By assigning coefficient k to 0.1, the critical frequencies, i.e., f crit1 and f crit2 , can be calculated from the coefficients fitted to the extracted resistances. These critical frequencies are defined as the frequencies when 10% (i.e., k = 0.1) of the related loss mechanisms begin to dominate the overall loss mechanisms [34] . Fig. 14 shows a plot of the extracted spreading resistances and the fitted effective spreading resistance curves, whereas Fig. 15 shows the calculated geometry-dependent critical frequencies. The result of R DC is addressed in Section III-D.
The result shows that the critical frequencies for slanted mesa diodes are generally lower than the straight mesa wall diodes. A lower critical frequency indicates an "earlier" onset of the corresponding high-frequency loss mechanisms. Therefore, the slanted mesa wall diodes exhibit higher frequency-dependent losses, compared with the straight mesa wall diodes. For both types of diodes, f crit1 decreased as the buffer-layer thickness is increased from 0.5 to 2 μm. This critical frequency is almost constant for the thickness larger than 2 μm. On the other hand, an obvious decrease in the f crit2 is observed for the slanted mesa wall diodes thicker than 2 μm. Thus, for a thick buffer layer, the loss mechanisms due to a mixture of skin effect and proximity effect are more severe for slanted mesa wall diodes than straight mesa wall diodes due to a larger effect of magnetic coupling.
D. DC Spreading Resistance
In order to verify the result of the fitted DC spreading resistances, similar diode geometry values are simulated in an EMDC simulator, where the validity of the EMDC simulations is also verified with the experimental results. In the EMDC simulations, the DC spreading resistances are calculated using Ohm's law. Further details of the EMDC simulation setup and procedures are found in the Appendix. Fig. 16 shows a comparison of the DC spreading resistances simulated in the EMDC simulator and estimated by fitting the extracted high-frequency resistances to the effective spreading resistance using (14) . The figure shows a reasonable agreement between the spreading resistances acquired from both methods. It also shows that the estimated DC spreading resistances for diodes with slanted mesa walls are close to those estimated for straight mesa walls.
E. Optimized Ohmic-Contact Mesa
The optimization of the ohmic-contact mesa is pursued by comparing the geometrical-dependent parameters, such as DC spreading resistance, critical frequencies, and parasitic capacitances. The result indicates a clear advantage of the straight mesa wall diode over the slanted mesa wall at high frequency. At low frequency (e.g., 150 GHz), the effective spreading resistance between both diodes are comparable. However, lower f crit1 and f crit2 are observed for the slanted mesa wall diodes, compared with the straight mesa wall diodes. Thus, as the frequency is increased, the effective spreading resistances of a slanted mesa wall diode are higher than a straight mesa wall diode. From the displacement loss point of view, the straight mesa wall diodes are preferable as well since the finger-tobuffer capacitance is not significant (see Fig. 13 ).
At DC, a thicker buffer layer is preferred as the effective spreading resistances decrease (and saturates at certain thickness) as a function of buffer-layer thickness. On the contrary, the high-frequency loss unintuitively increased as the buffer thickness is increased, where this behavior has been later related to the effect of EM field couplings. Fig. 17 shows the effective spreading resistance as a function of frequency and geometry, as well as the corresponding skin depth. Moreover, with an increase in the buffer thickness, the finger-to-buffer capacitance is increased for diodes with a slanted mesa wall. Thus, the optimum buffer thickness for the diode design is approximately one skin depth at the operating frequency.
IV. CONCLUSION
In this paper, we have presented a systematic method to optimize the geometry of surface-channel planar Schottky diode for high-frequency applications. This analysis includes highfrequency losses due to eddy current, skin and proximity effects, and displacement losses. The validity of the methodology and the model presented in this paper are justified through the verification of the extracted finger capacitance with the experimental results in [31] and the verification of extrapolated DC spreading resistances with EMDC simulation. An error analysis has been also performed to examine the effect of potential inaccuracy of other parasitic elements to the final result, indicating that the results are within an error margin of +/−6%. Straight wall mesa with buffer-layer thickness of 2 μm is shown to be the optimized geometry in this paper. For this geometry, the critical frequency for the onset of eddy current effect is approximately ∼200 GHz, and the onset of a mixture of skin effect and proximity effect occurs around ∼400 GHz.
This optimization work demonstrates that it is essential to include the parasitic couplings (both magnetic and electric field couplings) effects in diode geometry design for high-frequency applications. The result also provides a useful insight explaining the dramatically increased series resistance, which is not explainable using the conventional models. Although the top junction epi-layer is not included in the analysis, it is subjected to similar loss mechanisms as the ohmic-contact mesa. The effect of the parasitic couplings to the overall inductance of the diode is also not considered in this paper. Thus, a more physical model including mutual inductances could be further developed, based on the simplified model proposed in this paper.
Although the main focus of this paper is the optimization of the ohmic-contact mesa design for single-finger surfacechannel planar Schottky diodes, similar conclusions may be drawn for antiparallel finger Schottky diodes and other highfrequency devices with a similar geometry. In addition, the method presented could easily be extended to allow for optimization of other geometry (such as dimensions of the air-bridge finger and the position and shape of the Schottky contact). The method could be also used to analyze the device performances at higher frequencies. In cases where the charge carrier inertia and dielectric relaxation effects are not negligible, a similar analysis could be performed by substituting the constant conductivity with a complex frequency-dependent conductivity. 
APPENDIX
In this paper, EMDC simulations are performed in order to simulate the spreading resistance at zero frequency. Furthermore, they are used to verify the DC spreading resistance extrapolated from the high-frequency simulations. For EMDC simulations, the cathode ohmic-contact mesa is constructed in the COMSOL multiphysics simulator. As shown in Fig. 18 , only half of the mesa is simulated due to the twofold symmetry of the geometry property. The anode Schottky contact is modeled by embedding a 2-D sheet layer, with a boundary condition of 1-V voltage potential. On the other hand, the faces of the object for ohmic contacts are grounded. In this simulation, the specific ohmic-contact resistance is neglected.
The solution is obtained by solving the static form of the continuity equation as in (15) , within the domain of the mesa, which is similar to solving Poisson's equation. Total current I tot through the diode is obtained using (16) , where J norm is the current density normal to the surface in question. The surfaces integrated are the 2-D Schottky anode contact and the ohmic-contacts for the extraction of currents for anode resistance R anode and cathode resistance R cathode calculations, respectively. Since only half of the structure is simulated, a multiplication factor of 2 is included in (16) to extract the total current. The spreading resistances are then calculated using Ohm's law.
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In order to estimate the resistance from the COMSOL simulation, a sequence of convergence tests is performed. The number of mesh elements in the structure is varied until the changes in both the calculated anode and cathode resistance saturates. Moreover, the difference between the calculated anode and the cathode spreading resistance is monitored until both spreading resistances converge to a similar value. The confidence level of the simulation results was validated by simulating two University of Virginia (UVA) diodes (SC2R4 and SC2T1) with the geometry parameters provided in [12] . In these cases, comparisons between the spreading resistance calculated from the simulations and the experimental data from [12] could be performed.
In this simulation, simulated series resistance (R EMDC_sim ) includes both the top junction epi-layer and ohmic-contact mesa spreading resistance. The ohmic-contact resistance is calculated using the DC contact resistance model, as well as a specific [12] . With this, the ohmic-contact resistance is estimated to be 1.1 Ω. In this calculation, finger resistance R finger is neglected.
As shown in Table II , the series resistances calculated from the EMDC simulations very well match the experimental data. This shows that the EMDC simulation results are valid and reasonable.
